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Abstract: Pyridine ligand complexes of [Bu4N][BiI4] were prepared
using chelating ligands 2,2ʹ-bipyridyl (2,2ʹ-Bpy), 1,10-phenanthroline
(Phen), and 4-nitro-1,10-phenanthroline (NO2Phen), producing
monomeric complexes [Bu4N][(2,2ʹ-Bpy)BiI4], [Bu4N][(Phen)BiI4], and
[Bu4N][(NO2Phen)BiI4], and bridging ligands 4,4ʹ-bipyridyl (4,4ʹ-Bpy),
pyrazine (Pyz), and aminopyrazine (NH2Pyz) resulting in formation
of polymers [Bu4N]n[(4,4ʹ-Bpy)BiI4]n and [Bu4N]2n[(RPyz)Bi2I8]n (R = H,
NH2). The latter contain edge-sharing Bi2I8 dimers. Organic ligand
Bi(III)/Cu(I) clusters [Bu4N]2[L2Bi2Cu2I10] (L = PPh3, P(OPh)3) and
[Bu4N]2[PyBi2Cu2I10] (Py = pyridine) have been prepared. All
bismuthate(III) centers are distorted octahedra and all cuprate(I)
centers are tetrahedral, with organic ligands bonded to Cu(I). The
first neutral BiI3/CuI organic ligand complex [BiCu3I6(PPh3)6] is
reported. Diffuse reflectance spectroscopy measurements reveal
strong absorption bands for both iodobismuthate(III) and
iodocuprate(I)/bismuthate(III) complexes in the UV and visible range.
Despite the similarity in absorption bands, DFT calculations support
a distinct shift in transition from a mixed halide/metal-to-ligand
charge transfer (X/MLCT) to a metal-halide cluster-centered
transition upon incorporation of copper(I) into the cluster.

Introduction
Halogenobismuthate(III) polyanions are of interest for
several reasons. Firstly, they show widely variable and difficultto-predict degrees of catenation via halide (X) bridging, ranging
from BiX63– to Bi8X306– and including various polymeric structures.
Efforts to understand and even predict the sizes of these anions
have led to renewed attention on this long-known system [1]-[4].
Secondly, these systems represent precursors, or even
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alternatives to, BiOX photocatalysts [5]. Finally, some of these
compounds have shown interesting luminescent, thermochromic,
and/or solventochromic behavior [4],[6].
Lite
rature
reports of
organic
ligand
complex
es
of
iodobism
uthates
are still
quite few
in number. Bismuth(III) iodide has been shown to react with LL =
2,2ʹ-bipyridyl (2,2ʹ-Bpy), 1,10-phenanthroline (Phen) and
dipyrido[3,2-a:2′,3′-c]phenazine to produce neutral (LL)BiI3,
(LL)2BiI3, (LL)BiI3(dmso), (LL)BiI2(2-I)BiI2(LL) (dmso = dimethyl
sulfoxide) [7]-[11]. There are also a few reports of monomeric
[Bu4N][(LL)BiI4] complexes, including LL = 2,2ʹ-Bpy and Phen
[10]. The [(Phen)BiI4]– ion has been crystallized with other
cations, including [Cu(Phen)2]+ and [(Phen)BiI2(dmso)]+ [8],[12].
Finally, the ions [(tpy)IBi(2-I)3BiI3]–, [(tpy)2BiI2]+, and [(tpy)BiI4]–
(tpy = 2,6-dipyridylpyridine) are known (tpy = 2,2ʹ:6ʹ2ʺterpyridine) [13].
Mixed metal complexes of Bi(III), especially those with
photophysically active metals such as Cu(I), are of increasing
interest with regard to their optical and photocatalytic properties
[3]. The polarizable organosulfide and iodide ions are particularly
promising ligands for producing photoactive clusters. Known
sulfide-containing species include [BiCu2(SPh)3Br2(PPh3)3],
[PPh4]2[Bi10Cu10(SPh)24] and [Bi2Cu4(SPh)8(PPh3)4], the latter
two of which feature mixed Bi oxidation states [14]. A few mixed
BiI3/CuI metal-organic complexes have been reported. One
species is [(Hdeg)3(H2deg)Bi2][Bi5CuI19] (H2deg = diethylene
glycol) [15]. In the [Bi5CuI19]3– anion Bi5I194– clusters are
assembled from face-sharing BiI6 octahedra. Pairs of pendant
iodides in the clusters are bridged by Cu(I) centers forming them
into a chain. A smaller iodometallate cluster, [Bi2Cu2I10]2–, was
later reported by Chen et al. [16]. As shown in Scheme 1, the ion
consists of edge-sharing pairs of BiI6 octahedra that are capped
with Cu(I) centers bonded to three iodides. When crystallized
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with Et4N+ or [Cu(CH3CN)4]+, further bridging of the iodides to
the fourth coordination site on Cu(I) produces an anionic chain
(Scheme 1, A). In contrast, when Bu4N+ is used, a metal-organic
anion, [L2Bi2Cu2I10]2–, is formed (Scheme 1, B, L = CH3CN). To
our
knowledge
this
is
the
only
metal-organic
iodobismuthate(III)/cuprate(I) reported to date and is amongst a
very small number of known mixed-metal halobismuthates [17].

Iodobismuthate(III) Complexes.
The
combination
of
bismuth(III)
iodide,
tetrabutylammonium iodide, and a bidentate pyridine-type ligand
in acetone resulted in the facile formation of iodobismuthate(III)
complexes according to equation (1).

Scheme 1. Known iodobismuthate(III)/cuprate(I) motifs.

BiI3 + Bu4NI + LL → [Bu4N][(LL)BiI4] or [Bu4N]2[(LL)Bi2I8] (1)
In the current study, we demonstrate the use of Bu4NI/BiI3
mixtures to prepare complexes of the BiI 4– anion with pyridinetype ligands. These include chelating ligands, LL = 2,2ʹ-Bpy,
Phen, and 4-nitro-1,10-phenanthroline (NO2Phen) and bridging
ligands LL = 4,4ʹ-bipyridyl (4,4ʹ-Bpy), pyrazine (Pyz), and
aminopyrazine (NH2Pyz). Using the latter ligands, we report the
first examples of metal-organic polymers of BiI4– and Bi2I82–:
[Bu4N]n[(4,4ʹ-Bpy)BiI4]n and [Bu4N]2n[(RPyz)Bi2I8]n (R = H, NH2).
Furthermore,
three
new
metal-organic
iodobismuthate(III)/cuprate(I) species [Bu4N]2[LnBi2Cu2I10] are
reported (L = PPh3/n = 2, L = P(OPh)3/n = 2, L = pyridine/n = 1).
Finally, a serendipitously-discovered neutral BiI3/CuI metalorganic complex, [BiCu3I6(PPh3)6] was prepared easily and in
high yield. To further characterize and investigate these metalorganic polymers we have performed diffuse reflectance
spectroscopy measurements. DFT calculations were used to
support electronic transition assignments from which a mixed
metal/halide-to-ligand charge transfer or a metal-iodide cluster
rearrangement are predicted.

Chelating-ligand molecular complexes of tetraiodobimuthate(III)
were produced for LL = 2,2ʹ-Bpy (1), Phen (2), and NO2Phen (3),
and bridging ligand polymer complexes were formed using LL =
4,4ʹ-Bpy (4), Pyz (5), and NH2Pyz (6). The latter complexes are
the first in an as-yet-unreported class: iodobismuthate(III) metalorganic polymers. All of the product complexes were orange
solids and were formed in high yield. Nevertheless, the
[Bu4N][BiI4] products of NO2Phen (3) and NH2Pyz (6) were
somewhat challenging to isolate in pure form due to the
concurrent formation of traces of (Bu4N)3[Bi3I12] [18]. Both known
crystalline polymorphs of (Bu4N)3[Bi3I12] were identified in the
crude products. The presence of this iodobismuthate often led to
the formation of an impure red oil. Careful crystallization of the
products by very slow addition into ethyl ether helped mitigate
the problem. However, the formation of strictly inorganic salts
pointed up the relative reluctance of tetraiodobismuthate(III) ion
to form metal organic materials.

Table 1. Crystal and Structure Refinement Data.
1

2

2•Me2CO

3

4

5

6

7•CH3CN

CCDC
deposit

1571447

1571456

1571448

1571446

1571450

1571449

1571451

1571453

color and
habit

Orange
block

Orange
prism

Orange plate

Orange plate

Orange
plate

Orange block

Orange
blade

Red plate

Size, mm

0.20 × 0.16
× 0.11

0.30 × 0.16 ×
0.10

0.15 × 0.08 ×
0.04

0.25 × 0.12 ×
0.07

0.44 × 0.20
× 0.10

0.23 × 0.23 ×
0.18

0.33 × 0.25
× 0.12

0.28 × 0.13 × 0.04

formula

C26H44BiI4N3

C28H44BiI4N3

C31H50BiI4N3O

C28H43BiI4N4O2

C26H44BiI4N3

C36H76Bi2I8N4

C36H77Bi2I8N5

C72H108Bi2Cu2I10N4P2

formula
weight

1115.22

1139.24

1197.32

1184.24

1115.22

1998.16

2013.18

2905.60

space
group

P21/c

P–1

P21/c

P–1

P21/c

P21/n

P21/n

P21/c

a, Å

12.3584(12)

8.8097(3)

15.3771(7)

9.3958(7)

8.7027(6)

9.2612(5)

9.3647(9)

13.8562(9)

b, Å

17.9313(18)

20.8799(8)

13.6009(7)

13.5922(9)

23.5324(16)

16.9634(10)

16.7892(15)

15.9041(11)

c, Å

16.2973(16)

20.9561(8)

19.3929(9)

16.1842(11)

17.7253(12)

19.5065(12)

19.5638(18)

21.9156(15)

, °

90

105.7790(10)

90

66.4600(10)

90

90

90

90

, °

104.843(2)

96.0170(10)

106.6420(10)

75.5590(10)

92.6240(10)

102.3840(10)

102.591(2)

107.1100(10)

, °

90

93.9260(10)

90

88.6520(10)

90

90

90

90

volume,

3491.0(6)

3670.1(2)

3886.0(3)

2817.0(2)

3626.3(4)

2993.2(3)

3002.0(5)

3886.0(3)
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Å3
Z

4

4

4

2

4

2

2

2

2.122

20.62

2.047

2.151

2.043

20217

2.227

2.091

F000

2064

2112

2240

1100

2064

1820

1836

2704

(Mo K),
mm−1

8.606

8.188

7.741

8.228

8.285

10.021

9.993

7.672

temp., K

100

200

100

100

100

100

100

100

residuals:a
R; Rw

0.0135,
0.0356

0.0271,
0.0676

0.0171,
0.0386

0.0184,
0.0476

0.0362,
0.0848

0.0153,
0.0371

0.0142,
0.0338

0.0336, 0.0774

goodness
of fit

1.014

1.015

1.031

1.023

1.140

1.011

1.107

1.180

calc,
cm−3

g

[a] R = R1 = ||Fo| − |Fc||/ |Fo| for observed data only. Rw = wR2 = {[w(Fo2 – Fc2)2]/[w(Fo2)2]}1/2 for all data.
8

9

10

goodness
of fit

CCDC
deposit

1571454

1571452

1571455

[a] R = R1 = ||Fo| − |Fc||/ |Fo| for observed data only. Rw = wR2 = {[w(Fo2 –

color and
habit

Orange plate

Red block

Red prism

Size, mm

0.37 × 0.19 × 0.05

0.34 × 0.23 ×
0.07

0.43 × 0.30 ×
0.14

formula

C68H102Bi2Cu2I10N2O6P2

C37H77Bi2Cu2I10N3

C108H90BiCu3I6P6

formula
weight

2919.49

2378.05

2734.61

space
group

P21/n

P–1

Pna21

a, Å

15.6756(10)

12.0034(10)

31.2432(15)

b, Å

13.7562(9)

12.0573(10)

17.8327(9)

c, Å

20.8149(14)

13.1255(10)

17.7569(9)

, °

90

67.6240(10)

90

, °

99.6370(10)

86.6560(10)

90

, °

90

63.0410(10)

90

volume,
Å3

4425.1(5)

1550.6(2)

9893.3(9)



2

1

4

2.191

2.547

1.836

F000

2712

1074

5264

(Mo K),
mm−1

8.007

11.337

4.426

temp., K

100

100

100

residuals:a
R; Rw

0.0165, 0.0428

0.0180, 0.0432

0.0160, 0.0332

1.007

1.057

1.022

Fc2)2]/[w(Fo2)2]}1/2 for all data.

calc,
cm−3

g

Single crystal X-ray structures were determined for four
chelating ligand BiI4– complexes. Crystal data are presented in
Table 1 and selected structural parameters are found in Table 2.
X-ray structural diagrams of three chelate complexes are shown
in Figure 1. Both the 2,2ʹ-Bpy and Phen complexes have
recently been reported [10]. Thus, the current structure of
[Bu4N][(2,2ʹ-Bpy)BiI4], 1, represents a low temperature (100 K)
redetermination this complex. In the case of Phen, ambient
temperature structures of a solvent-free [Bu4N][(Phen)BiI4], 2,
and benzene solvate 2•0.4C6H6 were also recently published
[10]. We report the 200 K structure of a new triclinic polymorph
of the solvent-free complex, 2 (see Figure S9, Supporting
Information). This compound features two crystallographically
independent molecules and undergoes a destructive phase
transition below 200 K. We also report a 100 K structure of a
new acetone solvate of the Phen complex, 2•Me2CO.
Unsurprisingly, the bond lengths in 1 and 2•Me2CO at 100 K are
slightly shorter than the published ambient temperature values.
Additionally, in an effort to lower the energy of the acceptor
orbital on Phen, we have synthesized 4-nitro-1,10phenanthroline (NO2Phen) and prepared its iodobismuthate
complex [Bu4N][(NO2Phen)BiI4], 3. Powder diffraction patterns
for 1, 2 (after vacuum drying), and 3 matched calculated
patterns generated from the crystal structures (see Figures S1–
S3, supporting information).

Table 2. Selected Bond Distances (Å) and Angles (°) for 1, 2,
2•Me2CO, and 3.

Bi–N

1

2a

2•Me2CO

3

2.514(2),
2.540(2)

2.557(4),
2.577(4);
2.550(4), 2.579(4)

2.518(2),
2.529(2)

2.577(2),
2.618(2)

FULL PAPER
Bi–I

3.0128(3),
3.0228(3),
3.0512(3),
3.0681(3)

3.0097(4), 3.0178(4),
3.0327(4), 3.0508(4);
2.9934(4), 3.0085(4),
3.0303(5), 3.0570(4)

2.9864(3),
3.0604(2),
3.0646(2),
3.1022(3)

2.9688(3),
2.9893(3),
3.0477(3),
3.0762(3)

N–Bi–
N

65.01(7)

65.37(12); 64.85(13)

65.94(7)

63.35(8)

I–Bi–N
(cis)

82.16(5),
82.34(5),
82.52(5),
90.74(5),
93.28(5),
95.81(5)

82.58(8)–100.81(10)

81.72(5),
83.14(5),
87.47(5),
88.01(5),
90.22(5),
92.08(5)

80.15(6),
81.33(5),
83.14(5),
82.33(6),
96.87(5),
99.78(5)

I–Bi–I
(cis)

89.895(7),
92.393(6),
95.691(7),
98.088(7),
105.853(8)

92.572(11)–
100.492(12)

90.942(6),
92.789(6),
94.584(6),
94.744(6),
111.966(7)

91.338(7),
94.707(8),
99.241(6),
99.537(9),
100.252(7)

[a] Independent molecule data sets separated by semicolon.

2.579(4) Å). Considering only the 100 K structures, the Bi–I
distances for iodides trans to N (avg. = 3.011 Å) are on average
slightly longer than those trans to I (avg. = 3.064 Å). There is no
meaningful difference between the average Bi–I distances
amongst the four complexes. In all cases, there are significant
deviations from octahedral angles at bismuth. This behavior is
typical for Bi(III) and has been attributed to partial rehybridization to accommodate the inert electron pair [19]. The
most acute angle in each case is the chelate angle N–Bi–N
which for 1, 2, 2•Me2CO, and 3 are (65.01(7)°, 65.37(12)° &
64.85(13)°, 65.94(7)°, and 63.35(8)°, respectively. The most
obtuse (cis) angle is the I–Bi–I that is coplanar with and trans to
the N–Bi–N. This angle measures 105.853(8)°, 109.513(12)° &
100.492(12)°, 111.966(7)°, and 100.252(7)° for 1, 2, 2•Me2CO,
and 3, respectively.
Reactions of [Bu4N][BiI4] carried out with the bridging
bidentate ligands LL = 4,4ʹ-Bpy, Pyz, and NH2Pyz produced
metal-organic polymers. The product polymers showed two
different stoichiometries, 1 LL:1 Bi and 1 LL:2 Bi: {[Bu 4N][(4,4ʹBpy)BiI4]}∞
(4),
{[Bu4N]2[(Pyz)Bi2I8]}∞
(5),
and
{[Bu4N]2[(NH2Pyz)Bi2I8]}∞ (6). X-ray structures of all three
complexes were determined and were matched to powder
patterns, confirming a single crystalline phase for each product
(Figures S3–S5). Crystal data are presented in Table 1 and
selected structural parameters are found in Table 3. X-ray
structural diagrams of the three chelate complexes are shown in
Figure 2. In complex 4 some disorder was present, with two
alternative positions for the Bi and all four I atoms (Figure S10).
Occupancy of the lesser position for each atom was low (<20%),
but was necessary for complete refinement.

Figure 1. Thermal ellipsoid drawings of 1, 2•Me2CO, and 3 with ellipsoids at
the 50% level. Cations and acetone solvent are omitted. Lower right: overlay
of central cores of 1 (red), 2•Me2CO (green), and 3 (blue).

All the chelate structures show distorted octahedral
geometry at Bi, see the overlay in Figure 1 (2 is omitted from the
overlay because it was collected at 200 K). The Bi–N distances
in the 100 K structures for 1 and 2•Me2CO are similar to one
another (2.514(2), 2.540(2) and 2.518(2), 2.529(2) Å), while
those for 3 are elongated (2.577(2), 2.618(2) Å) due to the
electron-withdrawing nitro substituent on NO2Phen. The Bi–N
lengths for solvent-free 2 are slightly elongated due to the 200 K
data collection temperature (2.556(4), 2.576(4), 2.549(4),

Figure 2. Thermal ellipsoid drawings of 4, 5, and 6 with ellipsoids at the 50%
level. Cations and minor disordered Bi and I positions are omitted. Lower right:
overlay of central cores of 5 (red) and 6 (green).

Table 3. Selected Bond Distances (Å) and Angles (°) for 4, 5, and 6.

FULL PAPER
4

5

6

Bi–N

2.522(6),
2.533(6)

2.766(2)

2.757(2)

Bi–I

3.038(2),
3.0390(10),
3.0432(16),
3.0705(18)

2.8997(2),
2.9400(3),
2.9761(3),
3.1952(3),
3.2781(3)

2.8520(16),
2.9803(9),
3.2874(3)

N–Bi–N

178.4(2)

–

–

I–Bi–N
(cis)

86.09(15),
86.72(15),
87.63(15),
88.47(15),
91.42(15),
92.65(15),
92.87(15),
94.29(15)

84.00(5),
84.01(6),
86.23(5),
86.39(5)

84.19(5), 87.59(5), 89.39(6),
90.42(9)

I–Bi–I
(cis)

87.25(5),
88.82(4),
90.73(6),
93.76(5)

80.619(6),
89.515(6),
93.337(6),
93.441(7),
94.606(7),
94.841(7),
95.404(7),
96.259(7)

80.109(6),
83.54(10),
88.90(2),
90.58(6),
92.871(6),
97.70(8),
98.05(3), 98.38(6)

Bi–I–Bi

–

99.380(6)

99.891(6)

2.9730(3),
3.1905(3),

Unlike 1, 2, 2•Me2CO, and 3, complexes 4–6 did not show large
deviations from octahedral geometry at Bi. cis-Octahedral
angles varied in the ranges 86.09(15)–94.29(15)°, 80.619(6)–
96.259(7)°, and 80.109(6)–98.38(6)° for 4, 5, and 6, with a
notable absence of the >100° and <70° angles seen with the
chelating ligands.
Iodobismuthate(III)/cuprate(I) Complexes.

[a] Major Bi and I positions reported only.

The less-occupied positions are located very close to the main
positions, and are not included in the structural considerations
that follow. Complex 4 proved to be a trans-linked LL polymer of
BiI4– in which the organic ligand occupies the axial positions in
the Bi octahedron. The linear chains run parallel to the a/c-plane
and at a diagonal angle to the a- and c-axes. The least-squares
interplanar angle between the two Bpy rings is 15.10(12)°. The
N1/C1–C5 Bpy ring plane lies at an angle of 54.6(2)° to the
square plane defined by Bi1/I1/I3/N1/N2ʹ and 35.2(2)° to the
square plane defined by Bi1/I2/I4/N1/N1ʹ. The N2/C6–C10 Bpy
ring plane lies at an angle of 39.8(2)° to the square plane
defined by Bi1/I1/I3/N1/N1ʹ and 50.2(2)° to the square plane
defined by Bi1/I2/I4/N1/N1ʹ.
Complexes 5 and 6 both revealed [Bi2I8]2– clusters that are
bridged by XPyz (X = H, NH2) between mutually axial positions
on adjacent Bi centers in the cluster, thus producing zigzag
chains. The two structures proved to be crystallographically
isomorphic. However, while 5 was fully ordered, 6 contained two
positions for I2 and I3 having nearly identical occupancies (see
Figure S11). In addition, because the NH2Pyz ring is centered
about an inversion center, there are two equally occupied
positions for the NH2 group. Unsurprisingly, an overlay of the 5
and 6 cores (Figure 2) reveal them to be similar. The Bi–N
bonds in 5 and 6 (2.766(2) and 2.757(2) Å) were significantly
longer than those seen for 4 (2.522(6) and 2.533(6) Å), or for
any other Bi–pyridine complex (2.47–2.66 Å). This is suggestive
of significant steric crowding around the small pyrazine ring.

The 2:1:1 reaction of Bu4NI, BiI3, and CuI in acetonitrile
has been shown to produce the orange bimetallic complex
[Bu4N]2[Bi2Cu2I10(CH3CN)2] [16]. The [Bi2Cu2I10]2– cluster in this
species coordinates L = CH3CN at the copper(I) centers, see
Scheme 1 structure B. It seemed likely that the use of other soft
ligands could afford analogous bimetallic species that might
exhibit photoluminescence behavior. Therefore, we generated
the acetonitrile complex in situ in acetone/acetonitrile solution
and then further reacted it with excess PPh3, P(OPh)3, or
pyridine
(Py).
The
resulting
products
were
[Bu4N]2[(PPh3)2Bi2Cu2I10]•CH3CN
(7•CH3CN),
[Bu4N]2[(P(OPh)3)2Bi2Cu2I10] (8), and [Bu4N]2[(Py)Bi2Cu2I10] (9).
The latter complex, although structurally interesting, could not be
isolated pure. In this case, roughly even mixtures of three
crystalline complexes: 9, (Bu4N)3[Bi3I12] [18], and [Py4Cu4I4] [20]
were invariably recovered. The crystals in these mixtures are
easily identified by color and habit and thus physically separated.
However, no pure sample of 9 could be obtained for full
analytical characterization.
Single crystal X-ray structures were solved for 7•CH3CN, 8,
and 9, see Figure 3 and Tables 1 and 4. All three species
feature the expected [Bi2Cu2I10]2– core. The structures of
7•CH3CN and 8 were fully ordered and their iodometallate cores
were very similar in structure to one another and to the
acetonitrile complex. Complex 9 contained only a single pyridine
ligand per cluster. Nevertheless, like complexes 7•CH3CN and 8,
the [Bi2Cu2I10]2– core in 9 is centered about an inversion center.
As a result, the pyridine ligand is symmetrically disordered over
two positions on either side of the cluster. In addition, the single
crystallographically independent copper atom to which the Py is
attached is also disordered. As can be seen in the Figure 3
overlay, when attached to Py, the Cu atom is located on the
outside of the core cluster, just as it is for 7•CH3CN and 8, and in
addition to the NPy this Cu is attached to three iodine atoms (I1,
I2, I3). But on the ligand-free side, the copper is drawn into the
interior of the cluster, allowing it to coordinate to four iodine
atoms (I1, I2, I3, I1ʹ). Moreover, this half-occupied copper site is
further disordered over two positions itself (see Figure S12). The
reduced distances between the inner Py-free copper (Cu1B,
major position) and Bi are suggestive of bonding between the
metal centers. These Cu–Bi distances measure 3.2350(12) and
3.2502(12) Å, well less than the van der Waals radius sum of Cu
and Bi, which is approximately 3.7 Å [21]. The distances are
somewhat longer for the minor Py-free position Cu1C: 3.422(5)
and 3.483(5) Å. For comparison, the Py-bonded Cu1A is out of
bonding range to Bi: 3.8224(9) and 3.8951(9) Å. All Cu …Bi
distances for 7•CH3CN and 8 are all over 3.9 Å. Similar amongst
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the three Bi2Cu2 complexes is a trend toward increasing Bi–I
distances moving from terminal I, to 2-I, to 3-I. The trend is
less apparent for Cu–I distances. The angles around Bi do not
vary as widely as those in complexes 1, 2, 2•Me2CO, and 3. The
notable exception is the very acute 76.778(8)° I1–Bi1–I1ʹ in 9
that involves two 3-I and is internal to the cluster. This angle is
much smaller than those in 7•CH3CN and 8 (85.640(12) and
87.747(7)°), and is compensated by a much larger Bi1–I1–Bi1
angle of 103.222(8)° (c.f. 94.360(12) and 92.254(7)° for
7•CH3CN and 8).

114.96(5)

124.32(2)

I–Cu–I

104.30(3),
104.91(3),
107.43(3)

105.314(13),
106.637(14),
107.903(13)

108.62(3),a
114.91(3),a
107.63(7),b
108.09(6),b
126.15(5)b

Bi–I2–Cu

85.06(2),
87.64(2)

85.775(9),
87.497(10)

82.39(2),a
83.94(2),a
68.86(3),b 69.69(3)b

Bi–I3–Cu

81.28(2),
83.136(19)

81.534(9),
82.545(9)

78.65(2),a
80.23(2),a
62.58(3),b
62.71(2),b
63.05(3),b 63.60(3)b

Bi–I–Bi

94.360(12)

92.254(7)

103.222(8)

111.06(3),a
94.02(4),b
108.00(6),b
108.22(6),b

[a] Angles for Cu1A (bonded to N). [b] Angles for Cu1B (in cluster
interior). [c] Minor Cu1C position omitted.

A Neutral Bismuth(III)/copper(I) Complex.
Neutral complex 10 was initially isolated during attempts to
prepare compound 7 in a single-step reaction. When [Bu4N][BiI4],
PPh3, and CuI were combined in a 1:1:1 ratio in a 50:50 mixture
of acetonitrile and acetone a very dark red solid precipitated
from solution over 12 hours. This solid proved to be the unique
neutral complex [BiCu3I6(PPh3)6] (10). Intentional synthesis of 10
using a 1:3 ratio of BiI3 and CuI in THF afforded a good yield.
Figure 3. Thermal ellipsoid drawings of 7•CH3CN, 8, and 9 with ellipsoids at
the 50% level. Cations, hydrogen atoms, and solvent molecules are omitted.
Disordered positions for 9 omitted. Lower right: overlay of central cores of
7•CH3CN (red), 8 (green), and 9 (blue).

Table 4. Selected Bond Distances (Å) and Angles (°) for 7•CH3CN, 8, and
9.
7•CH3CN

8

9a,b,c

Bi–Iterm.

2.9187(5),
2.9352(5)

2.8739(3),
2.8923(3)

2.8967(3), 2.9035(3)

Bi–I2

3.0641(5),
3.0989(5)

3.0787(3),
3.0856(3)

3.0958(3), 3.1027(3)

Bi–I3

3.2542(5),
3.2646(5)

3.3363(3),
3.3443(3)

3.3206(3), 3.3351(3)

Cu–I2

2.6547(9),
2.6611(9)

2.6644(4),
2.6844(4)

2.6812(10),a 2.7134(10),a
2.5357(12),b 2.5647(12)b

Cu–I3

2.6972(9)

2.6397(4)

2.6562(10),a 2.7873(18),b
2.863(2)b

Cu–P/N

2.2340(17)

2.2099(8)

2.133(4)

Bi…Cu

3.9068(8),
3.9707(8)

3.9378(4),
3.9826(4)

3.8224(9),a 3.8951(9),a
3.2350(12),b 3.2502(12),b

I–Bi–I (cis)

83.901(12)–
95.590(15)

81.959(5)–
97.230(6)

76.778(8)–96.855(9)

I–Cu–P/N

109.76(5),
114.72(5),

102.83(2),
108.75(2),

99.15(11),a 110.77(10),a
111.18(11)a

An X-ray structure was solved for 10, see Figure 4 and
S13 and Table 1. Overall, the complex has a disc-like shape,
with a single central Bi(III) center, bridged through three pairs of
iodides to three Cu(PPh3)2 units. The Bi center displays a
geometry intermediate between trigonal prismatic (tp) and the
nearly universal octahedral (oct) Bi(III) arrangement. The
average  parameter (measured as the torsion angle e.g. I1–
centroidI1,I3,I5–centroidI2,I4,I6–I2) for 10 is 28.6° (ideal tp = 0°, ideal
oct = 60°) and the average  parameter (measured as the
interplanar angle between e.g. the I1,I3,I5 and I1,Bi1,I2 planes)
is 72.3° (ideal tp = 90°, ideal oct = 55°) [22]. Both of these
metrics place the complex almost perfectly between the two
idealized geometries. The single Bi atom is radially coordinated
to three CuI2(PPh3)2 subunits arranged in a face-sharing manner.
This allows for both Bi and Cu to maintain their preferred
coordination numbers of six and four, respectively. Molecular
point group symmetry (excluding the phenyls) is D3, with the
three-fold axis running through Bi in perpendicular direction to
the molecular disc (Bi1/Cu1/Cu2/Cu3) and parallel to the
crystallographic c-axis. The two-fold axes lie along the Bi…Cu
vectors. The propeller formation of the central core is revealed
by the interplanar angles between the BiI 2Cu least squares
planes: 66.548(7)°, 71.361(10)°, and 68.230(9)° The BiCuP2
planes are not coincident, having interplanar angles of 19.93(2)°,
29.79(2)°, and 26.85(2)°. Evaluation of core atom placement
relative to the molecular disc least squares plane
(Bi1/Cu1/Cu2/Cu3) reveals roughly equal displacement of the
six I atoms (±1.7879(5)–2.0091(5) Å), but more diversity in the
displacement of the six P atoms (±0.2150(14)–0.8257(14) Å).
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similar with a distinct peak at 579 nm and have extended
absorption into the near infrared (NIR) range. Similarly, the
chelate complexes 1 and 2 also have broad absorption bands in
the visible, but drop sharply around 540 nm. Nitration of 2 to
form complex 3 results in a blue shift of the absorption band.
Furthermore, substitution of NH2 on the bridging Pyz ligand of 5
to form complex 6 causes a dramatic change in the DRS spectra.
Addition of the electron donating group results in a marked drop
in the low energy wavelength absorption in 6, similar in
appearance to the more aromatic 1–3 complexes. We tentatively
assign the broad absorption bands for 1–6 to mixed
halide/metal-to-ligand charge transfer (X/MLCT) between the
iodobismuthate(III) center to the aromatic * group.
Diffuse reflectance spectra of [Bi2Cu2I10]2– and [BiCu3I6]
clusters decorated with pyridine, triphenylphosphine, and
triphenyl phosphite ligands at room temperature are shown in
Figure 5. Complexes 7–9 are relatively similar and show a single
broad absorption band in the visible spectrum at energies higher
than 700 nm. The similarity in absorption for 7–9 offers strong
support of a cluster-centered transition since all three complexes
have the same Bi2Cu2I10 metal-halide cluster. Despite the
dramatically different metal-halide cluster arrangement and the
lack of anionic charge, the absorption band for complex 10 is
also relatively similar, with a slightly higher propensity towards
absorption at the NIR end of the visible spectrum. We also
assign this absorption band to a cluster-centered transition.

Figure 4. Thermal ellipsoid drawings of 10 with ellipsoids at the 50% level.
Top: top view: hydrogen atoms are omitted. Bottom: Side view: phenyls are
omitted.

Bi–I:

3.0137(4)–3.1808(3),

Cu–I:

2.6675(6)–2.7314(6),

Cu–P:

2.2701(12)–2.2855(13) Å. I–Cu–I: 93.865(17), 94.448(18), 96.942(19), P–Cu–
P: 114.29(4), 115.02(5), 119.07(4).

Complex 10 has very little precedent in the literature and
represents the first neutral iodide-bridged metal complex of
Bi(III) and Cu(I). Aside from 7•CH3CN, 8, and 9 above, only four
metal complexes show iodide bridging between Bi and Cu, all of
which are also salts: [(Hdeg)3(H2deg)Bi2][CuBi5I19] [15] and
[Bu4N]2[(CH3CN)2Bi2Cu2I10],
[Et4N]2[Cu2Bi2I10],
and
[Cu(CH3CN)4]2[Cu2Bi2I10] [16] (see Introduction and Scheme 1).
Several neutral Bi–S–Cu complexes are known [14]. Finally,
arylbismuth compounds (o-C6H4PiPr2)3Bi and (o-C6H4PPh2)2BiCl
have been reacted with CuCl, forming (o-(iPr2P)C6H4)3BiCu3(2Cl)3 and [Cl(o-C6H4PPh2)2BiCu(2-Cl)]2, respectively, wherein
direct Bi–Cu bonding occurs through ligand-like sharing of the
Bi(III) lone pair [23].
Diffuse Reflectance Spectroscopy.
Diffuse reflectance spectroscopy (DRS) measurements,
Figure 5, at 298 K reveal broad absorption bands for all [BiI4]–
and [Bi2Cu2I10]2– complexes across the visible spectrum.
Generally speaking, all iodobismuthate(III) complexes show
broad absorption bands in the UV and high energy visible
regions. The spectra of the bridged complexes 4 and 5 are very

Figure

5.

DRS

spectra

of

iodobismuthate

(left)

and

iodocuprate/iodobismuthate complexes (right).

Density Function Theory Calculations
In order to better understand the observed spectroscopic
absorption bands, we have performed ground state DFT
calculations on the iodobismuthate complexes. Ground state
geometric parameters, summarized in Table S1 and shown in
Figure 6, are in good agreement with experimental structural
studies. For the [BiI4]– cluster complexes 1–4 the DFT ground
state calculations of the geometric parameters are in good
agreement with experimental results, falling within 0.076 Å for
Bi–N distances and 1.75° for I–Bi–I and N–Bi–N bond angles.
Generally, ground state calculations predict slightly longer Bi–I
bond distances than experimental values for 1–4 and a larger
dihedral angle of the 4,4ʹ-Bpy rings of 4. We observe similar
trends in the DFT ground state calculation for the [Bi 2I8]2– cluster
complexes 5 and 6, which are also in good agreement with
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experimental results. We attribute the larger values for the Bi–I
bonds in 1–6 and the larger dihedral angle in 4 to the fact that
DFT calculations are performed in the gas phase and do not
take into account the structural effects of crystalline packing.

6

–1.598

1.899

3.497

Figure 6. DFT calculated ground state geometries of 1–6. Hydrogens omitted
for clarity. Color scheme for DFT structures: gold = Bi, purple = I, blue = N,
grey = C, red = O.

Molecular orbital calculations were performed for 1–6 to
examine the frontier molecular orbitals and band gap energies of
the reported iodobismuthate complexes, see Table 5 and Figure
7. Calculations show that for complexes 1–4, the HOMO is
composed of the mixed halide-metal center of the Bi 6s and I 5p
atomic orbitals. Significantly, for 5 and 6, there is no contribution
to the HOMO from the Bi(III) center, rather it is entirely I 5p in
nature. The LUMO for 1–5 is largely composed of the aromatic
ligand * system. For the nitroaromatic complex 3, a large
portion of the LUMO density is centered on the NO2 group in
contrast to the more even distribution of this orbital seen for 2.
These HOMO/LUMO compositions strongly support our DRS
absorption assignment of a X/MLCT transition, wherein
electrons from the iodobismuthate cluster are transferred to the
aromatic * system. However, most interestingly, substitution of
NH2 in 6, results in a LUMO that is unique among the
iodobismuthates reported in this work, insofar as it is composed
of the Bi 6s and I 5p atomic orbitals. This HOMO/LUMO
construction for 6 supports a cluster rearrangement instead of a
X/MCLT transition. The greater electron donating ability of NH2
increases the population of the aromatic * molecular orbital
where a cluster rearrangement becomes more likely as opposed
to a X/MLCT.
Table 5. Calculated frontier orbital and band gap energies of 1–6.
Complex

HOMO (eV)

LUMO (eV)

Band gap (eV)

1

–2.089

–0.584

2.225

2

–2.807

–0.547

2.260

3

–3.103

–2.237

0.866

4

–2.824

–0.693

2.131

5

–1.594

1.739

3.333

Figure 7. Calculated LUMOs (top) and HOMOs (bottom) of 1–6. Hydrogens
omitted for clarity.

Because iodobismuthates have potential as photocatalysts,
we have also calculated the predicted band gaps of 1–6, shown
in Table 5. It is clear that the electron withdrawing nature of NO 2
in 3 results in stabilization of both the HOMO and LUMO
energies resulting in a small band gap of 0.866 eV. Removal of
this group, as in 2, causes a small energy increase of the HOMO,
but disproportionately increases the energy of the LUMO by 1.69
eV, a 75% increase. Even altering the Phen ligand to 2,2ʹ-Bpy
(1) or 4,4ʹ-Bpy (4) does little to change the HOMO or LUMO
energies. Keeping with this trend, increasing the electron
donating ability of the ligand from 5 to 6 appears to increase the
band gap by further elevating the LUMO energy. However, the
large band gaps for 5 and 6 also appear to result from
increasing the size of the iodobismuthate cluster to [Bi2I8]2–. In
these two complexes the energy of the HOMO and LUMO are
both significantly raised.
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Figure

8.

DFT

calculated

ground

state

geometries

10

–5.419

–1.897

3.522

8

–4.564

–1.078

3.486

7

–1.515

1.926

3.441

9

–1.222

1.979

3.201

of

iodobismuthate(III)/iodocuprate(I) cluster complexes. Hydrogens omitted for
clarity.

In order to investigate the consequence of incorporating
copper(I) into the iodobismuthate(III) clusters, we have also
performed ground state calculations of the bimetallic cluster
complexes 7–10, Figure 8. Results are tabulated in Table S2
and are found to be in agreement with experimental values.
Similar to the iodobismuthate complexes previously discussed,
bond lengths and angles are generally larger than experimental
values, which fact we also attribute to gas phase calculations.
Molecular orbital calculations of 7–10, shown in Figure 9,
predict that the HOMO and LUMO follow trends similar to those
for 1–6. For 7, 8, and 10 the HOMO is centered on the Cu site
and is composed of the Cu 3d and I 6p atomic orbitals, while the
LUMO shifts to the Bi metal center and is composed of Bi 6s and
I 6p atomic orbitals. Transitions from the HOMO to the LUMO for
the iodobismuthate(III)/cuprate(I) species 7, 8, and 10 thus
constitute a mixed halide/metal-to-metal charge transfer
(X/MMCT), behavior that is very different from what is observed
for the pure iodobismuthate(III) clusters. Substitution of pyridine
for the phosphorus(III) ligands to generate 9, clearly changes the
LUMO atomic orbital make up. Like 7, 8, and 10, the Py complex
9 also features a HOMO located on the Cu center, being
composed of the Cu 3d and I 6p atomic orbitals. The LUMO
however, resides exclusively on the ligand aromatic * system,
indicating a XMLCT similar to that seen in the copper-free
iodobismuthate(III) clusters. The data in Table 6 clearly
demonstrate that the neutral PPh3 complex 10 has the most
highly stabilized HOMO and LUMO, along with the largest band
gap.
Figure

9.

Calculated

LUMOs

(top)

and

HOMOs

(bottom)

of

Table 6. Calculated frontier orbital and band gap energies of 7–10, listed
in order of decreasing band gap energy.

iodobismuthate(III)/cuprate(I) cluster complexes. Hydrogens omitted for clarity.

Complex

Conclusions

HOMO (eV)

LUMO (eV)

Band gap (eV)
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Metal-organic iodobismuthate(III) complexes have been
prepared using chelating ligands LL = 2,2ʹ-Bpy, Phen, and
NO2Phen and bridging ligands LL = 4,4ʹ-Bpy, Pyz, and NH2Pyz.
Distortion from octahedral geometry at Bi is greatest with the
monomeric chelate complexes [(LL)BiI4]–. The chelate
complexes represents the first such iodobismuthate(III) metalorganic polymers, being comprised of either [BiI 4]– or [Bi2I8]2–
units linked to form chains. The very small set of known
iodobismuthate(III)/cuprate(I) complexes has been expanded to
include [L2Bi2Cu2I10]2– (L = PPh3, P(OPh)3) and [PyBi2Cu2I10]–, in
which the organic ligands are bound to Cu. The pyridine species
is particularly interesting because the fact that there is a Py
ligand “missing” on one side causes the Cu(I) center on that side
to be drawn into the interior of the cluster. Finally,
serendipitously discovered, but prepared in high yield, is the first
neutral metal-organic BiI3/CuI species, [BiCu3I6(PPh3)6], a
radially symmetric complex with geometry intermediate between
octahedral and trigonal prismatic at the central bismuth.
The broad and intense absorption bands observed in the
diffuse reflectance spectra of all complexes are assigned to
X/MLCT and X/MMCT transitions. Theoretical DFT calculations
indicate for iodobismuthate(III) complexes that electron transfer
occurs between the metal-halide center and the aromatic ligand.
Incorporation of copper(I) ions results in crystals with electron
transfer localized within the metal-halide cluster. Coupling
control over the electron transfer pathway via the presence of
copper(I), along with band gap tunability via choice in aromatic
ligand,
lends
support
to
the
investigation
of
iodobismuthate(III)/cuprate(I) complexes as possible candidates
for heterogeneous photocatalytic behavior.

Experimental Section
General.
All reagents were purchased from Aldrich or Acros and were used as
received. Acetone was distilled from Drierite and THF was purified using
an LC Technologies SPBT-1 bench top solvent purifier.
Thermogravimetric analyses (TGA) were conducted using a TA
Instruments Q500 in the dynamic (variable temp.) mode with a maximum
heating rate of 50 °C/min. to 500 °C under 60 mL/min. N2 flow. TGA
traces are found in Supporting Information. Elemental analyses were
performed by Atlantic Microlabs, Inc. of Norcross, GA. Diffuse reflectance
spectra were collected on solid samples at 298 K. The light source was a
Mikropack DH-2000 deuterium and halogen light source coupled with an
Ocean Optics USB4000 detector. Scattered light was collected with a
fiber optic cable. Spectra were referenced with PTFE. Data were
processed using SpectraSuite 1.4.2_09.
Synthesis and Crystallization.
4-Nitro-1,10-phenanthroline, NO2Phen: Phen (900 mg, 5.00 mmol) was
dissolved in 10 mL conc. H2SO4. KNO3 (1.22 g, 12.2 mmol) was added
over a period of 30 min. The pale yellow mixture was stirred at 90° C for
16 h. The mixture was cooled to room temp. and 200 mL cold water were
carefully added. The pale yellow solution was neutralized with solid
NaHCO3 producing a pale yellow solid. Addition of NaHCO3 beyond

neutralization should be avoided as it will cause precipitation of inorganic
salts. The solid was collected by Buchner filtration, washed with water
and dried in vacuo (407 mg, 1.81 mmol, 36.1%). m.p.: 197-200 oC. 1H
NMR (400 MHz, CDCl3)  9.40 (dd, J = 4.5,
1.8 Hz, 1H, H1), 9.34 (dd, J = 4.1 Hz, 1.8,
1H, H8), 9.07 (dd, J = 8.6, 1.6 Hz, 1H, H3),
8.73 (s, 1H, H5), 8.47 (dd, J = 8.0, 1.7 Hz,
1H, H6), 7.86 (m, 2H, H2, H7). 13C{1H}
NMR (100 MHz, CDCl3)  153.6, 151.5,
147.7, 146.3, 144.3, 137.8, 132.5, 125.5,
125.4, 124.4, 124.3, 121.1.
[Bu4N][(2,2ʹ-Bpy)BiI4], 1: BiI3 (295 mg, 0.500 mmol), Bu4NI (185 mg,
0.501 mmol), and 2,2ʹ-Bpy (78.0 mg 0.499 mmol) were stirred in 40 mL
acetone for about 2 h at room temp. until all solids had dissolved into
solution. The dark red solution was filtered and its volume was reduced
by 80% in vacuo. Addition of ethyl ether produced an orange solid which
was collected via centrifugation, washed with ethyl ether, and dried in
vacuo (390 mg, 0.350 mmol, 70.1%). Anal. Calcd for C26H44N3BiI4: C,
28.0; H, 3.97; N, 3.77. Found: C, 28.5; H, 4.01; N, 3.77. TGA Calcd for
Bu4NBiI4: 86.0. Found: 86.7 (135–210 °C).
[Bu4N][(Phen)BiI4], 2: BiI3 (295 mg, 0.500 mmol), Bu4NI (185 mg, 0.501
mmol), and Phen (90.0 mg 0.494 mmol) were stirred in 40 mL acetone
for about 2 h. at room temp. until all solids had dissolved into solution.
The orange solution was filtered warm and its volume was reduced by
80% in vacuo. Addition of ethyl ether produced a yellow solid which was
collected via centrifugation, washed with ethyl ether, and dried in vacuo
(452 mg, 0.397 mmol, 80.3%). Anal. Calcd for C28H44N3BiI4: C, 29.5; H,
3.89; N, 3.69. Found: C, 30.5; H, 4.21; N, 3.56. TGA Calcd for Bu4NBiI4:
84.2. Found: 84.1 (220–265 °C).
[Bu4N][(NO2Phen)BiI4], 3: BiI3 (295 mg, 0.500 mmol), Bu4NI (185 mg,
0.501 mmol), and NO2Phen (90.0 mg 0.494 mmol) were stirred in 40 mL
acetone for about 2 h at 50 °C under Ar until all solids had dissolved into
solution. The orange solution was filtered warm and its volume was
reduced by 80% in vacuo. Slow addition of the solution to about 150 mL
ethyl ether produced an orange solid which was collected via
centrifugation, washed with ethyl ether, and dried in vacuo (438 mg,
0.370 mmol, 74.9%). Anal. Calcd for C28H43N4BiI4O2: C, 28.4; H, 3.66; N,
4.73. Found: C, 27.3; H, 3.54; N, 4.23. TGA Calcd for Bu4NBiI4: 81.0.
Found: 78.4 (210–295 °C).
[Bu4N][(4,4ʹ-Bpy)BiI4], 4: BiI3 (148 mg, 0.251 mmol), Bu4NI (93.0 mg,
0.252 mmol), and 4,4ʹ-Bpy (39.0 mg 0.250 mmol) were combined in 40
mL acetone and refluxed for about 18 h at room temp. until all solids had
dissolved into solution. The dark red solution was hot-filtered and its
volume was reduced by 80% in vacuo. Addition of 95% ethanol produced
an orange solid which was collected via centrifugation, washed with 95%
ethanol and ethyl ether, and dried in vacuo (197 mg, 0.177 mmol, 70.7%).
Anal. Calcd for C26H44N3BiI4: C, 28.0; H, 3.97; N, 3.77. Found: C, 27.7; H,
3.86; N, 3.64. TGA Calcd for Bu4NBiI4: 86.0. Found: 86.5 (170–235 °C).
[Bu4N]2[(Pyz)Bi2I8], 5: BiI3 (148 mg, 0.251 mmol), Bu4NI (93.0 mg, 0.252
mmol), and Pyz (39.0 mg 0.250 mmol) were combined in 40 mL acetone
and refluxed for about 18 h until all solids had dissolved into solution. The
dark red solution was hot-filtered and its volume was reduced by 80% in
vacuo. Slow addition of about 50 mL ethyl ether to the solution produced
an orange solid which was collected via decantation, washed with ethyl
ether, and dried in vacuo (145 mg, 0.0726 mmol, 58.1%). Anal. Calcd for
C36H76N4Bi2I8: C, 21.6; H, 3.83; N, 2.80. Found: C, 21.8; H, 3.73; N, 2.74.
TGA Calcd for Bu4NBiI4: 96.0. Found: 98.2 (80–135 °C).
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[Bu4N]2[(NH2Pyz)Bi2I8], 6: BiI3 (294 mg, 0.499 mmol), Bu4NI (185 mg,
0.501 mmol), and NH2Pyz (47.0 mg 0.494 mmol) were combined in 40
mL acetone and refluxed for about 18 h under Ar until all solids had
dissolved into solution. The dark red solution was hot-filtered and its
volume was reduced by 80% in vacuo. Slow addition of the solution to
about 150 mL ethyl ether produced a red oil. Trituration with ethyl ether
produced an orange solid which was collected via decantation, washed
with ethyl ether, and dried in vacuo (400 mg, 0.199 mmol, 80.4%). Anal.
Calcd for C36H77N5Bi2I8: C, 21.5; H, 3.85; N, 3.48. Found: C, 21.6; H,
3.65; N, 3.41. TGA Calcd for Bu4NBiI4: 95.3. Found: 98.5 (100–130 °C).
[Bu4N]2[(PPh3)2Bi2Cu2I10], 7: BiI3 (60.0 mg, 0.102 mmol), CuI (19.0 mg,
0.100 mmol), and Bu4NI (37 mg, 0.100 mmol) were dissolved in 10.0 mL
of 1:1 MeCN:Me2CO. After 30 min, PPh3 (26.2 mg, 0.100 mmol) in 1.0
mL acetone was added to the solution and it was stirred overnight. 2PrOH was added to the dark red solution until it clouded. The uncapped
mixture was held at 5 °C for 5 d producing red prismatic crystals which
were collected, washed with ethyl ether, and dried in vacuo (118 mg,
0.0457 mmol, 91.4%). Anal. Calcd for C68H102N2Bi2Cu2I10P2: C, 28.9; H,
3.64; N, 0.99. Found: C, 29.1; H, 3.65; N, 0.98. TGA Calcd for Bi2Cu2:
19.3. Found: 21.9 (210–400 °C).
[Bu4N]2[(P(OPh)3)2Bi2Cu2I10], 8: BiI3 (60.0 mg, 0.102 mmol), CuI (19.0 mg,
0.100 mmol), and Bu4NI (37 mg, 0.100 mmol) were dissolved in 10.0 mL
of 1:2 MeCN:Me2CO. After 30 min, P(OPh)3 (6 drops) was added to the
solution and it was stirred overnight. An equal volume of 2-PrOH was
added to the orange solution and the volume of the solution was reduced
to 50% in vacuo, causing orange plate crystals to form. The crystals were
collected, washed with ethyl ether, and dried in vacuo (93.0 mg, 0.0319
mmol, 63.7%). Calcd for C68H102N2Bi2Cu2I10O6P2: C, 28.0; H, 3.52; N,
0.96. Found: C, 27.9; H, 3.49; N, 0.97. TGA Calcd for (Bu4N)2Bi2Cu2I10:
78.7. Found: 83.1 (155–225 °C). TGA Calcd for Bi2Cu2: 18.7. Found:
21.0 (210–400 °C).
[Bu4N]2[PyBi2Cu2I10], 9: BiI3 (60.0 mg, 0.102 mmol), CuI (19.0 mg, 0.100
mmol), and Bu4NI (37 mg, 0.100 mmol) were dissolved in 10.0 mL of 1:1
MeCN:Me2CO. After 30 min., Py (2 drops) was added to the solution and
it was stirred overnight. 2-PrOH was added to the dark red solution until it
clouded. The uncapped mixture was held at 5 °C for 5 d producing a
mixture of crystals including two and [Py4Cu4I4] polymorphs,
(Bu4N)3[Bi3I12] trimer, and the desired product in roughly equal amounts.
Crystals of the desired product were easily recognizable by their dark red
color and lack of surface striations. This allowed structural determination
with single crystal X-ray diffraction via the selection of these crystals from
the mixture.
[BiCu3I6(PPh3)6], 10: BiI3 (98.0 mg, 0.175 mmol) were dissolved 25 mL
dry THF in a two-neck round bottom flask with a reflux condenser and
injection port. A light yellow solution formed. After flushing the apparatus
with Ar for 30 min, solid CuI (95.0 mg, 0.499 mmol) was added, forming a
suspension. Then PPh3 (262 mg, 1.00 mmol) dissolved in 1 mL of THF
was injected into the mixture. The resulting dark red solution was
refluxed for 12 h, forming a dark red solid. After cooling, the solid was
collected via filtration and washed with ethyl ether and dried in vacuo
(330 mg, 0.121 mmol, 72.7%). Crystals were grown by layering an
acetone solution with ethyl ether. Anal. Calcd for C108H90BiCu3I6P6: C,
47.4; H, 3.31. Found: C, 47.3; H, 3.26. TGA Calcd for BiCu3I6(PPh3)3:
71.2. Found: 77.1 (195–240 °C). TGA Calcd for BiCu3I2: 23.9. Found:
23.1 (240–430 °C).
X-ray Crystallography.

Crystals were mounted on glass fibers and quickly transferred to the
diffractometer with the sample cooling stream running. All measurements
were made using graphite-monochromated Mo K radiation on a BrukerAXS three-circle Apex DUO diffractometer, equipped with a SMART
Apex II CCD detector. Initial space group determination was based on a
matrix consisting of 36 frames. The data were reduced using SAINT+
[24], and empirical absorption correction applied using SADABS [25].
Structures were solved using intrinsic phasing. Least-squares refinement
for all structures was carried out on F2. The non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were located in the Fourier
difference map and then allowed to refine isotropically. Structure solution
was carried out using SHELXTL [26] and refinement was performed
using the ShelXle program [27]. Details of the X-ray experiments and
crystal data are summarized in Table 1. Selected bond lengths and bond
angles are given in Tables 2 and 3. Crystallographic data for the
structures reported herein have been deposited with the Cambridge
Crystallographic Data Centre and allocated the deposition numbers
CCDC 1571446-1571456. These data can be obtained free of charge
from
the
Cambridge
Crystallographic
Data
Centre
via
www.ccdc.cam.ac.uk/data_request/cif.
Powder diffraction was carried out on the instrument described above
using a Cu Ims source. Samples were ground and prepared as mulls
using Paratone N oil. Three 180 s frames were collected, covering 8–70°
2. Frames were merged using the Apex III software and were further
processed using Diffrac-EVA software [28]. Simulated powder patterns
from single crystal determinations were generated using Mercury [29].
Theoretical DFT Calculations.
Ground states were determined using Gaussian ‘09 software
(Gaussian Inc.) with the University of Maine Advanced Computing Group
[30]. The optimal structures were calculated by density functional theory
the using B3LYP [31],[32] functional and SDD [33] basis set for all atoms
as implemented in the software. XRD structures were used as initial
structural input. Isodensity representations of molecular orbitals were
generated using GaussView 5.0 software (Gaussian Inc.). MOs were
generated and visualized using the Avogadro 1.2.0 software program
[34].
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